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ABSTRACT

Molybdenum (Mo) thin film back contact layers for thin film CuIn(1-x)GaxSe2 (CIGS)
solar cells were deposited onto soda lime glass substrates using a direct current (DC) planar
magnetron sputtering deposition technique. Requirements for the Mo thin film as a back contact
layer for CIGS solar cells are various. Sheet resistance, contact resistance to the CIGS absorber,
optical reflectance, surface morphology, and adhesion to the glass substrate are the most
important properties that the Mo thin film back contact layer must satisfy.
Experiments were carried out under various combinations of sputtering power and
working gas pressure, for it is well known that mechanical, morphological, optical, and electrical
property of a sputter-deposited Mo thin film are dependent on these process parameters.
Various properties of each Mo film were measured and discussed. Sheet resistances were
measured using a four-point probe equipment and minimum value of 0.25 Ω/sq was obtained for
the 0.6 µm-thick Mo film. Average surface roughnesses of each Mo film ranged from 15 to 26 Å
were measured by Dektak profilometer which was also employed to measure film thicknesses.
Resistivities were calculated from the sheet resistance and film thickness of each film. Minimum
resistivity of 11.9 µΩ∙cm was obtained with the Mo thin film deposited at 0.1 mTorr and 250 W.
A residual stress analysis was conducted with a bending beam technique with very thin glass
strips, and maximum tensile stress of 358 MPa was obtained; however, films did not exhibit a
compressive stress. Adhesive strengths were examined for all films with a “Scotch-tape” test,
and all films showed a good adhesion to the glass substrate.
iii

Sputter-deposited Mo thin films are commonly employed as a back contact layer for
CIGS and CuInSe2 (CIS)-based solar cells; however, there are several difficulties in fabricating a
qualified back contact layer. Generally, Mo thin films deposited at higher sputtering power and
lower working gas pressure tend to exhibit lower resistivity; however, such films have a poor
adhesion to the glass substrate. On the other hand, films deposited at lower power and higher gas
pressure tend to have a higher resistivity, whereas the films exhibit an excellent adhesion to the
glass substrate. Therefore, it has been a practice to employ multi-layered Mo thin film back
contact layers to achieve the properties of good adhesion to the glass substrate and low resistivity
simultaneously. However, multi layer processes have a lower throughput and higher fabricating
cost, and requires more elaborated equipment compared to single layer processes, which are not
desirable from the industrial point of view.
As can be seen, above mentioned process parameters and the corresponding Mo thin film
properties are at the two extreme ends of the spectrum. Hence experiments were conducted to
find out the mechanisms which influence the properties of Mo thin films by changing the two
process parameters of working gas pressure and sputtering power individually. The relationships
between process parameters and above mentioned properties were studied and explained.
It was found that by selecting the process parameters properly, less resistive, appropriatesurfaced, and highly adhesive single layer Mo thin films for CIGS solar cells can be achieved.
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CHAPTER 1

1.1

INTRODUCTION

Need for Renewable Energy

World is facing a severe energy crisis caused by the enormous amount of consumption of
fossil fuels such as crude oil, coal, and natural gas. These non-renewable sources of energy were
first utilized on a massive scale in the Industrial Revolution in the 18th century. Fossil fuels had
been limitlessly consumed until the first oil crisis in 1972 when people realized that oils are not
always affordable. Thereafter, people began to research seriously in alternative renewable energy
sources such as wind, geothermal heat, tide and waves, hydropower, biomass, and solar power.
Moreover, a number of issues for human beings have been caused by burning fossil fuels
to create energy. Global warming, acid rain, and health problems for human lung are typical
examples of the problems stem from carbon dioxide and nitrogen oxide emitted by fossil fuel
usage. There have emerged so many reasons why we should shift toward renewable energy
sources in terms of affordability, environment, and human health, and are described in detail in
the following sections.

1.1.1 Renewable Energy
Renewable energies can contribute to meet the global energy demand replacing a large
portion of the fossil fuels. As defined in the report of Intergovernmental Panel on Climate
Change, “Renewable energy is obtained from the continuing or repetitive currents of energy
1

occurring in the natural environment and includes non-carbon technologies such as solar energy,
hydropower, wind, tide and waves, geothermal heat, as well as carbon-neutral technologies such
as biomass (IPCC-WGIII, 2007, p814 (Glossary)).” Renewable energies are also expected to be
stable and safe energy sources without negatively affecting the environment.
It is an arduous challenge for us to shift from non-sustainable energies to renewable
energies as main energy sources because there are still a number of barriers to be overcome.
However, with technological progresses, political and economical alignments, renewable
energies have great potentials to dominate the energy sector across the world.

1.1.2 Global Energy Market Crisis
The primary energy demand throughout the world is predicted to increase by 1.5% every
year. It will increase from 12 giga ton (Gt) in 2007 to 16.8 Gt in 2030 in terms of petroleum,
which amounts up to 40% of increase [1]. Although the world’s energy consumption decreased
in 2009 for the first time since 1981 due to the global recession in recent years [1], it is obvious
that massive global energy consumption would proceed again once the economy recovers from
this slump.
Ever since fossil fuels became the world’s primary energy sources, there have been wild
swings in the price of oil, coal, and natural gas. It has been shown that the oil price has the strong
correlation with the world’s both economic and industrial condition. In other words, it is
expected that the price of oil will increase in accordance with the recovery of the world’s
economy and industrial demands. This correlation is totally unfavorable especially for
2

developing countries because the expensive energy source should suppress their economic
activities and impede them from growing steadily.

1.1.3 Depletion of Fossil Energy Sources
For the rapid development of technology, it is essential to have an abundant source of
energy which has been the case for so many years with the fossil fuel being the primary energy
source. However, the amount of fossil fuels is limited, and it is predicted that the crude oil will
be depleted in 40 years and the coal will be depleted in 200 years at the longest [2]. Hence, for
the further industrial and technological development, it is necessary to develop a suitable
replacement for fossil fuels that is efficient in producing the same amount of energy.

1.1.4 Global Climate and Health Threat
In the last decade, there has been a dramatic rise in global warming due to the greenhouse
effect, which potentially harms creatures on earth. Global warming seems to have caused melting
of the ice belt in the North and South Pole area, heat waves, hurricanes, and flooding across the
world. The IPCC predicted that, by 22nd century, the earth’s sea level will become tens of
centimeters higher and the average temperature will be several degrees Celsius higher than that
of today [3].
The global warming is assumed to be caused by greenhouse gases (GHGs) such as carbon
dioxide (CO2) and nitrogen oxide (NOx) which are exhausted by burning fossil fuels to create
motivities or operating thermal power plants to create electric energies. The CO2 emission had
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already increased from 20.9 Gt in 1990 to 28.8 Gt in 2007, and forecasted to increase by 1.5%
per year in average and consequently approach 34.5 Gt in 2020 [1]. The atmospheric CO2
concentration used to be approximately 280 ppm before the Industrial Revolution; however, it is
380 ppm today [3].
In addition to the environmental damage, the operation of thermal power plants also
negatively affects human health. A large amount of air pollution generated by fossil fuel burning
is affecting air quality and human health [4].

1.2

Photovoltaic Solar Cell

Among all the renewable energy technologies, one of the most promising technologies is
the photovoltaic (PV) solar energy system which can convert sunlight directly into electric power
emitting neither greenhouse gases nor pollutants, and requiring no power supply for its operation
[5]. PV solar energy systems are also simply mentioned as solar cells. In 2008, the global annual
PV market reached 5.6 giga Watt (GW) and the cumulative PV power installation amounted to
almost 15 GW as shown in Figures 1-1 and 1-2 [6]. Until 2013, European Photovoltaic Industry
Association (EPIA) expects the global annual PV market to increase up to 22 GW with
governmental supports.

4

Figure 1-1: Historical development of Global cumulative PV power installed per Region [6]

Figure 1-2: Historical development of Global annual PV market per region [6]

5

1.2.1 Advantages of Solar Cell
One of the largest advantages of PV solar energy system is its broad option for the
location to install due to the omnipresence of sunlight. Moreover, since PV systems emit neither
greenhouse gases, toxic gases, nor pollutants during the operation, it is possible to install PV
system in any available space even in the middle of thickly inhabited cities without putting the
residents’ health at risk [7]. Thus, PV system is suitable for distributed power source. As a matter
of fact, 66 % of the world’s installation today is on roof-tops of home units or buildings [8].
Another advantage of solar cells is that they are long lasting steady energy sources.
Although it requires expensive cost for the initial installation, once it has installed, very little
maintenance is required during the operating lifetime approximately 20 years.
Owing to its advantages, PV systems can be designed for wide variety of applications
such as water pumping, lighting, vehicle, portable electric device, heat exchanger system, remote
village electrification, and grid-connected power source [7]. A number of solar power plants
have already started their operation across the world.

1.2.2 Drawbacks of Solar Cell
Although PV solar systems require no fuel and very little maintenance with long time
reliability, the initial investment is quite expensive to popularize them rapidly. The technical
potential of solar cells has been well investigated but there are questions if PV systems can
economically compete with conventional grid electricity generating systems such as thermal
power plant. Innovative researches have shown more than 20% of energy conversion efficiencies
6

of solar cells; however, further technical development or new technology is necessary to meet
the expectation as the substitution for fossil energy sources.

1.3

CIGS Solar Cell

The investigations in PV industry as well as research institutes are mainly focused on the
development of highly efficient materials which can be manufactured with inexpensive processes
to reduce the production cost with respect to the energy conversion performance. From such an
industrial point of view, thin film solar cells are referred to as second generation solar cells.
Namely, the thin film solar cell technology has been developed to reduce the manufacturing cost
of PV systems by reducing the raw material usage, simplifying the process, and developing the
yield and throughput.
Among the variety of materials used for thin film solar cells, CuIn(1-x)GaxSe2 (CIGS)
absorber based heterojunction solar cell has the largest potential as to cost reduction with respect
to power generation efficiency. The reported highest efficiencies of CIGS solar cell and module
are 20% and 16.7% respectively [9], [10].

1.4

Molybdenum Back Contact Layer

Various criteria need to be satisfied for a choice of high quality back contact thin film
layer for CIGS solar cells. It is a prerequisite to be unreactive with adjoining CIGS absorber
7

layer to avid degradation of the absorber and achieve reproducible fabrication. However, this
requirement is quite a high hurdle because of the erodent environment during the growth of
CIGS layer. Conductivity and adherence to the substrate should also be maintained throughout
the fabrication process and expected operating lifetime. Another important criterion for a back
contact layer is that it has to play a role as barrier layer that interrupts harmful elements’
diffusion from the substrate into the CIGS absorber layer. A high optical reflectance is also
required to avoid optical loss.
A variety of investigation has been conducted on potential metal thin film back contact
layers including Mo [11], [12], [13], Pt [12], [13], [14], Au [13], [15], [16], Ni [16], [17] and Cu
[15]. Among all these materials, Mo is the most befitted material for a back contact thin film
layer for CIGS solar cells. Mo is chemically stable against Cu, In, Ga, and their alloys during the
fabrication process; it also shows low Ohmic contact resistance to CIGS absorber via an
intermediate molybdenum diselenide (MoSe2) layer [18]. CIGS based solar cells have been
reported as most efficient thin film solar cells with a Mo back contact layer. The highest efficient
CIGS solar cell was also deposited on a Mo back contact layer [9]. A number of investigations
have reported about the correlations between mechanical, optical, and electrical properties of Mo
thin films and process parameters of direct current (DC) magnetron sputtering technique [11].
It is well known that sputter-deposited Mo thin films have a correlation between working
gas pressure and residual stress, which is typically observed in refractory metals [19], [20], [21],
[22]. It has also been reported that sputtering power influences stress state of the Mo thin films.
Other investigations have reported adherence to glass substrate and electrical resistivity of the

8

Mo thin films are strongly dependent on the working gas pressure [11], [19], [22], [23], [24],
[25]. As just described, Mo thin film can possess a variety of properties by varying the process
parameters. For example, films deposited at lower working gas pressures generally have poor
adherence to the substrate, low resistivity, and compressive stress state, whereas those deposited
at higher gas pressures tend to have good adherence, high resistivity, and tensile stress state.
Note that the measure for high and low pressure or power is uniquely dependent on each
individual sputtering system. A number of investigations have reported the influences of working
gas pressure on the mechanical and electrical properties of Mo thin film back contact layers as
well as their eventual effects on the performances as a solar cell [11], [19], [22], [26], [27]. To
control the stresses residing in the thin films is vital to their long lifetime, reliability, and high
performance as a back contact layer of CIGS solar cells [28].

1.5

Literature Review

One of the main factors which influence the film’s adherence is residual stress. B.C. Bell
et al. reported that film stress was strongly dependent on working gas pressure and angle of
sputtered atom incidence [28]. Similar result was reported by J.H. Scofield et al. who showed
that films in compressive stress state had poor adherence and those in tensile stress had good
adherence to the glass substrate [11]. Y.G. Shen reported that Mo films’ stresses drastically
change the stress state from tensile to compressive in the vicinity of the transition pressure
ranging from 8 to 10 mTorr [29], while D.W. Hoffman et al. obtained the transition pressure
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around 0.2 mTorr [20]. Shen also mentioned that compressive films are densely packed
microstructure, and tensile films have a very porous columnar microstructure.
Difference in microstructure originated from the working gas pressure directly influences
the resistivity of the films. G. Gordillo et al. showed that the resistivity of sputter-deposited Mo
thin film is highly influenced by both target power and working gas pressure [30]. J.H. Scofield
et al. investigated that the resistivity of about 10μΩ∙cm was steadily obtained at pressures
between 0.2 and 2 mTorr without significant pressure dependence, followed by steep increase at
pressure of more than 2 mTorr [11].
Previous reports have also shown that it is very difficult to achieve a well adherent and
low resistive single Mo thin film layer [11], despite the fact that both characteristics are essential
for stable and highly efficient solar cell fabrication. In order to break through this problem,
multi-layered Mo film is widely used. For example, National Renewable Energy Laboratory
(NREL) has achieved highly adhesive and conductive Mo thin films by varying process
parameter such as working gas pressure during the deposition [11], [18]. They deposited a good
adherent but poor conductive Mo thin film as an initial layer on the glass substrate to glue the
following layer to the glass substrate. Then low resistive Mo thin film was deposited over the
initial “glue” layer, and consequently they obtained good adhesive and conductive two-layered
Mo thin film. Some other groups deposit more than 2 layers to enhance the adherence and
conductivity.
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1.6

Motivation of the Study

As mentioned above, multi-layered Mo thin film layer is widely used to achieve good
adhesion and conductivity simultaneously. However, because this multi layer process requires
several deposition steps and specialized equipment, it is not an ideal process in terms of both
time and cost.
The motivation of this investigation is to find out how DC magnetron sputtering
deposition system parameters such as working gas pressure and sputtering power influence the
properties of Mo thin film layers and the performances of CIGS solar cells, and eventually
achieve a qualified Mo thin film single layer.
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CHAPTER 2

BASICS OF SOLAR CELL

2.1

History

A solar cell is a device that can directly convert the light energy into the electricity
through the photovoltaic effect. The first development of solar cell technology began with
photoelectric effect discovered by French physicist Antoine César Becquerel in 1839. However,
the early solar cells could achieve energy conversion efficiencies of below 1% until Russell Ohl
invented the silicon solar cell in 1940s. Since Ohl’s invention of silicon solar cell, researches in
this field have been focused on silicon based solar cells and the highest efficiency of 25% has
been achieved in silicon single crystal solar cell by J. Zhao et al. [31].

2.2

Solar Radiation

In solar energy field, air mass (AM) is one of the most important factors in characterizing
a solar cell. AM is the relative optical path length through the earth’s atmosphere with respect to
the normal incidence from a source in space. When the light source is right above the observer,
the air mass is unity. Since fine particles and gas molecules floating in the earth’s atmosphere are
the scattering and absorption sites for lights, the longer a light passes through the atmosphere, the
greater the attenuation become. In outer space, namely if there is no atmospheric attenuation, the
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radiation intensity from the sun, or the solar constant is 1353 W/m2, and is referred to as AM0
(air mass zero) radiation.
The path length 𝑇 through the earth’s atmosphere for a radiation from the sun incident at
an angle 𝜙 relative to the normal to the earth’s surface (see Figure 2-1) is given by
𝑇 = 𝑇0 sec 𝜙

·········· (2. 1)

where 𝑇0 is the thickness of the atmosphere. The air mass is simply given by the secant of the
zenith angle, 𝜙.
𝑇
= 𝐴𝑀 = sec 𝜙
𝑇0

·········· (2. 2)

The standard evaluation of a solar cell’s performance is evaluated with AM1.5 radiation
corresponding to the solar constant of 1000 W/m2. The solar constant on the earth’s ground
surface is always lower than that in outer space due to the spectral absorption and scattering by
the atmospheric fine particles, water vapor, carbon dioxide, and other gas molecules. The easiest
way to calculate AM value at different location on earth is given by,

AM =

𝑆
1+
𝐻

2

·········· (2. 3)

where 𝑆 is the length of the shadow cast by a vertical object of height 𝐻.
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Figure 2-1: Schematic image of air mass

2.3

Semiconductor

A solar cell is a simple p-n junction diode if there is no light falling on the cell. In other
words, a solar cell is a p-n junction diode that can produce electric power when light is incident
on it. This particular characteristic makes a solar cell one of the most useful renewable energy
sources because one can produce electric power using abundantly available sunlight. Therefore,
it is essential to be familiar with basic knowledge of semiconductors to understand the function
of solar cells. In this section, silicon is picked up as an example of semiconductor material
because it is a single element semiconductor and suitable to obtain basic knowledge.

2.3.1 Energy State of Electron
An electron in free space can arbitrarily have an energy value that it can attain. However,
the situation in an atomic orbit or in a crystal is quite different [32]. An atom in an isolated space
14

is electrically neutral because the positive charge of the nucleus is compensated by the negatively
charged orbital electrons. The electrons in an atom are acted upon by an electromagnetic field
exerted by the nucleus and electrons themselves, letting electrons posses a certain allowed
energy. An electron orbiting an isolated atom can occupy one of the series of energy levels, 𝐸n
given by the following approximate equation [33],
𝑍 2 𝑚e∗ 𝑒 4
𝐸𝑛 = − 2 2 2
8𝜀0  𝑛

·········· (2. 4)

where 𝑒 is the charge of an electron, 𝑍 is the atomic number, 𝑚e∗ is the mass of a free electron, 𝜀0
is the vacuum permittivity,  is the Plank constant and 𝑛 is a positive integer representing energy
levels. At equilibrium, not all the electrons can occupy the lowest energy level at the same time.
According to Pauli’s exclusion principle, at most two electrons can reside in the same energy
level by acquiring opposite spin direction. These energy levels are further constructed in shell
structures governed by four quantum numbers given by classical quantum theory.

2.3.2 Forbidden Energy Gap
When atoms are located in a free space, an electron in each individual atom occupies one
of the energy levels given by equation (2.4). However, as several atoms are brought closer,
atoms begin to exert force one another with disturbing the potential and the energy levels of the
electron consequently. When two atoms from the same element are brought closer, the energy
level of 𝐸𝑛 occupied by two electrons in each atom cannot accommodate the four electrons as it
violates the Pauli’s exclusion principle. To avoid violating the principle, the energy level 𝐸𝑛
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becomes disturbed and splits into two slightly separated energy levels. If 𝑁 atoms are brought
together to construct a crystal, they interact and the original energy level 𝐸𝑛 is split into 𝑁
slightly different allowed energy levels to accommodate 2𝑁 numbers of electrons. Figure 2-2
shows the case where the atomic spacing, 𝑑 is such that the material has two energy bands
separated by the forbidden energy gap. Hereafter, band structure will be represented by two lines
indicating valence band maxima and conduction band minima separated by band gap.

Figure 2-2: Split energy levels of electron when atoms are brought closer (redrawn form [32])
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2.3.3 Electron Distribution in Semiconductor
The valence band is completely filled by electrons while the conduction band is
completely empty if the temperature is 0 K. As the temperature increases, some of the electrons
gain enough energy to leap the forbidden gap and enter the conduction band. The effect of
temperature on the occupancy of electrons in each allowed energy level 𝐸 is given by the FermiDirac distribution function 𝑓(𝐸) [33],

𝑓 𝐸 =

1
𝐸 − 𝐸F
exp
+1
𝑘𝑇

·········· (2. 5)

where 𝑘 is the Boltzmann constant, 𝑇 is the absolute temperature, and 𝐸F is the Fermi level. The
Fermi-Dirac distribution function determines the probability of electron occupancy at any given
energy, 𝐸 at temperature, 𝑇. Fermi level is defined as the highest energy level occupied by
electrons at absolute zero temperature. It is also defined as the energy level where the probability
of charge carrier occupancy is 50%. Those materials which have 𝐸F within an allowed energy
band are called metal. Insulators have a large band gap between the valence and conduction
bands so that electrons cannot leap across. A semiconductor can be defined as just an insulator
with a narrow band gap. For an intrinsic semiconductor, Fermi level is at the center of the
forbidden gap.

2.3.4 Electrical Properties
In silicon, p-type semiconductor is obtained by doping with an element from the group III
as an acceptor such as boron (B) or aluminum (Al), and n-type is obtained with an element from
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the group V as a donor such as phosphorous (P). Whereas some compound semiconductors such
as copper chalcopyrite material can produce acceptors or donors inherently as they crystallize.
Point defects such as vacancies, interstitials and antisites are responsible for the electric
characteristics of copper chalcopyrite semiconductors.
The majority carrier in p-type semiconductor is hole, while electron is the majority carrier
in n-type semiconductor. By doping a semiconductor with donor elements, an additional energy
level slightly below the conduction band is introduced by electrons freed from the donor
impurities. For instance, addition of phosphorous as a donor impurity in silicon semiconductor
introduces an energy level called donor level, 𝐸d which is 0.045 eV below the conduction band.
The value of 0.045 eV is comparable with thermal energy at room temperature of about 𝑘𝑇 =
0.026 [eV], and as a matter of fact, the donors are well ionized at room temperature. At low
temperature, 𝐸F lies between the conduction band edge and 𝐸d . However, at room temperature,
the number of ionized donors is significant so that a number of electrons occupy the conduction
band, 𝐸F shifts towards the intrinsic Fermi level. Eventually, 𝐸F lies in between intrinsic Fermi
level and 𝐸d . Similarly, with the addition of acceptors, the Fermi level in p-type semiconductor
resides between acceptor level, 𝐸a and intrinsic Fermi level.
At high energy levels such that 𝐸 − 𝐸F ≫ 𝑘𝑇, the Fermi-Dirac function ban be substituted
by the Boltzmann function given by [33].

𝑓 𝐸 = exp

− 𝐸 − 𝐸F
𝑘𝑇

18

·········· (2. 6)

The probability of electron existing in the forbidden gap is zero, while it is nonzero in the
allowed energy bands. The number of states per unit volume and energy is given by solving the
time-independent Schrödinger equation. The density of states at energy 𝐸 near the conduction
band edge is given by [34]
𝑚e∗ 2𝑚e∗ 𝐸 − 𝐸c
𝑔c 𝐸 =
𝜋 2 3

·········· (2. 7)

Similarly, density of states at energy 𝐸 near the valence band edge is given by [34]
𝑚h∗ 2𝑚h∗ 𝐸v − 𝐸
𝑔v 𝐸 =
𝜋 2 3

·········· (2. 8)

, where 𝑚e∗ is effective mass of electron, 𝑚h∗ is effective mass of hole, 𝐸c is the conduction band
minima, and 𝐸v is the valence band maxima. The carrier concentration is the product of
probability of occupancy and the number density of available states. Therefore, electron
concentration in the conduction band can be written as [33]
∞

𝑛0 =

𝐸c

𝑔c 𝐸 𝑓 𝐸 𝑑𝐸

·········· (2. 9)

By substituting equations (2.6) and (2.7) into equation (2.9), we obtain [33]

𝑛0 = 𝑁c exp

𝐸F − 𝐸c
𝑘𝑇

·········· (2. 10)

where 𝑛0 is the electron number density in the conduction band, 𝑁c is a constant at fixed
temperature known as effective density of states in the conduction band given by
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2𝜋𝑚e∗ 𝑘𝑇
𝑁c = 2
2

3/2

·········· (2. 11)

Similarly, the hole number density in the valence band 𝑝0 is obtained by [33]

𝑝0 =

𝐸v
−∞

𝑔v 𝐸 1 − 𝑓 𝐸 𝑑𝐸

𝑝0 = 𝑁v exp

𝐸v − 𝐸F
𝑘𝑇

2𝜋𝑚h∗ 𝑘𝑇
𝑁v = 2
2

·········· (2. 12)

·········· (2. 13)

3/2

·········· (2. 14)

where 𝑁v is a constant at fixed temperature known as effective density of states in the valence
band. The schematic explanation for the concentrations of electron and hole for intrinsic, n-type,
and p-type semiconductors are shown in Figures 2-3, 2-4, and 2-5 respectively.

Figure 2-3: Carrier occupancy in valence band and conduction band in case of intrinsic semiconductor
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Figure 2-4: Carrier occupancy in valence band and conduction band in case of n-type semiconductor

Figure 2-5: Carrier occupancy in valence band and conduction band in case of p-type semiconductor
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2.4

p-n Junction

When p-type and n-type semiconductors are brought together, thermal equilibrium of
individual system is broken and re-establishment of the new thermal equilibrium for the conjunct
system occurs. Namely, electrons from n-type semiconductor migrate into the p-type
semiconductor to fill in the holes. However, as these carriers move across to the opposite side of
material, they leave behind electrically uncompensated dopant ions. Since these ions are not
capable of moving, the migration of carriers eventually set up an electric field across the junction
where negative ions reside in p-type side and positive ions are in n-type side. Different from bulk
domain, charge carriers cannot reside within this built-in electric field but immediately drift
away, therefore this region is called depletion region. This built-in electric field opposes the
natural diffusion tendency of carriers and equilibrium is obtained. It is this potential that drives
the photo-generated electrons to the external circuit (See Figure 2-6).
The product of current and voltage yields the power that can be used to run varied
applications. It is obvious that current is zero at equilibrium. At this condition the electric field, 𝜉
established by diffusion of charge carriers is given by

𝜉=

𝑘𝑇 1 𝑑𝑛
𝑒 𝑛 𝑑𝑥

·········· (2. 15)

where 𝑛 is the free electron concentration at equilibrium. Note that the electric field is maximum
at the junction. The built-in voltage 𝑉B is the integration of the electric field from p-side to n-side
[34].
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n-side

𝑉B = −

𝜉𝑑𝑥

·········· (2. 16)

p-side

On solving the integral

𝑉B =

𝑘𝑇 𝑁A 𝑁D
ln 2
𝑞
𝑛i

·········· (2. 17)

where 𝑞 is the elemental charge, 𝑁A , 𝑁D , and 𝑛i are the acceptor, donor, and the intrinsic carrier
concentration, respectively.
The width of depletion region 𝑊 is dependent on the dopant concentration and the builtin voltage and applied voltage. At equilibrium condition, the applied bias is zero; therefore, the
depletion width is determined only by the built-in voltage given by [34].

𝑊 = 𝑊n + 𝑊p =

2𝜀s 𝑉B 𝑁A + 𝑁D
𝑞𝑁A 𝑁D

·········· (2. 18)

where 𝑊n is depletion width in n-type material, 𝑊p is depletion width on p-type material, and 𝜀s
is permittivity of the material. When an external voltage 𝑉a is applied, the depletion width is
modified as [34]

𝑊=

2𝜀s 𝑉B − 𝑉a 𝑁A + 𝑁D
𝑞𝑁A 𝑁D

·········· (2. 19)

The depletion width increases in the reverse biased condition (𝑉a < 0), while 𝑊 decreases in
forward biased condition (𝑉a > 0). A forward bias results in a reduction of the potential barrier
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across the junction making it easier for majority charge carriers to cross over to the opposite
regions and recombine.

Figure 2-6: Schematic image of p-n junction and corresponding space charge density, electric field, and
electric potential across the p-n junction

2.5

Heterojunction

The physics of semiconductor discussed so far was related to homojunction. However,
CIGS/CdS is a heterojunction device; hence it is important to understand the additional features
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involved in the band diagram. Heterojunction has a potential of improving the performance of
solar cells. A heterojunction is the interface between two different semiconductor materials such
as p-type CIGS and n-type CdS as shown in Figure 2-7, where the numbers represent each
material: (1) MoSe2, (2) CIGS, (3) CdS, and (4) ZnO, and the subscripts “c” and “v” denote
conduction and valence band, respectively.

Figure 2-7: Heterogeneous band diagram of ZnO/CdS/CIGS/Mo solar cell

In the case of heterojunction system, each material has its own value of band gap,
electron affinity 𝜒, and work function Φ, and they are different from each other. Therefore, band
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offset of the adjacent semiconductors, Δ𝐸 is developed. For the vacuum level to remain
continuous at the interface, a discontinuity necessarily occurs in the conduction band as well as
valence band. The discontinuity of the conduction band between CIGS and CdS layer is
described as [33]
Δ𝐸c⅔ = 𝜒2 − 𝜒3

·········· (2. 20)

The discontinuities at the interface affect the space charge storage in the adjacent regions. In the
neutral region, away from the interface, the relationship between the conduction band edge of
CdS and the Fermi level is determined by [33]

𝐸c3 − 𝐸F = 𝑘𝑇 ln

𝑁C3
𝑁D3

·········· (2. 21)

where 𝑁C3 is the effective density of state in the conduction band, and 𝑁D3 is the donor density of
the CdS layer. In the case of CIGS, it is given by

𝐸c2 − 𝐸F = 𝐸g2 − 𝐸F − 𝐸v2 = 𝐸g2 − 𝑘𝑇 ln

𝑁V2
𝑁A2

····· (2. 22)

where 𝑁V2 is the effective density of state in valence band, and 𝑁A2 is the acceptor density of the
CIGS layer. Hence, the gap in the conduction band edge in the neutral region is independent of
electron affinities and is written as [33]

𝐸c2 − 𝐸c3 = 𝐸g2 − 𝑘𝑇 ln

𝑁C3 𝑁V2
𝑁D3 𝑁A2
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·········· (2. 23)

To hold the same value of 𝐸c2 − 𝐸c3 between the neutral regions with positive non-zero Δ𝐸c ⅔ at
the interface, the total bending of the energy bands must increase by Δ𝐸c ⅔. The built-in potential
also increases with positive Δ𝐸c ⅔ as the individual work function Φ2 and Φ3 changes. The
greater bending of the energy bands with different electron affinities implies that the depletion
region widens and hence the 𝑉oc. The importance of the spike as a barrier to the electron flow
from n-type to p-type depends on the fraction of the built-in potential dropped on each side. If
the acceptor concentration in p-type material is low as compared to the donor concentration in
the n-type material, the majority of band bending occurs in the p-type material side and the top of
the spike is lower than the conduction band edge in the neutral region of the p-type material. The
barrier to electron flow from n-type to p-type is then just the difference in the conduction band
edges in the neutral region of the two materials. However, if the doping in the p-type material is
higher compared to the n-type material then the majority of band bending occurs in the n-type
material and the top of spike can be higher than the conduction band edge in the neutral region of
the p-type material. In this case the barrier to electron flow n to p type is greatly increased.

2.6

Current Voltage Characteristics

2.6.1 Carrier Injection
A solar cell is a simple p-n junction diode under no illumination. When forward bias is
applied to the diode, excess electrons in the n-type are injected into the p-type region across the
interface, while excess holes are injected into the n-type region. Applying a forward bias results
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in a reduction of the potential barrier across the junction, and it also makes it possible for charge
carriers to flow to the opposite side of the interface. It is mathematically implicated that the
minority carrier concentration increases exponentially with applied voltage; however, the
lifetime of them are short in neutral region due to the high recombination rate. Therefore, the
relationship is only valid within the depletion region [33]. Note that the minority carrier in p-type
semiconductor is free electron and that of n-type semiconductor is hole.

𝑛pw = 𝑛p0 exp

𝑞𝑉a
𝑘𝑇

·········· (2. 24)

𝑝nw = 𝑝n0 exp

𝑞𝑉a
𝑘𝑇

·········· (2. 25)

where 𝑛pw is the injected minority carrier concentration at the depletion region interface of the ptype side, 𝑛p0 is the minority carrier concentration at thermal equilibrium, 𝑝nw is the injected
minority carrier concentration at the depletion region interface of the n-type side, 𝑝n0 is the
minority carrier concentration at thermal equilibrium.

2.6.2

Diffusive Flow

The excess minority carrier concentration decreases exponentially with the distance away
from the depletion region edge as shown in Figure 2-8. The concentration of the minority carriers
are given by [33]

𝑛 = 𝑛pw exp

−𝑥
𝐷n 𝜏n
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·········· (2. 26)

𝑝 = 𝑝nw exp

−𝑥
𝐷p 𝜏p

·········· (2. 27)

where 𝐷n and 𝐷p are the diffusion coefficients of electron and hole minority carriers, 𝜏n and 𝜏p
are the lifetime of electron and hole minority carriers, respectively. 𝑛 is the injected minority
carrier concentration in p-type region, 𝑝 is the injected minority carrier concentration in n-type
region as shown in Figure 2-8. Note that the 𝑥 axes in equation (2.26) and (2.27) are defined
differently.

Figure 2-8: Distribution of excess minority carriers in forward bias condition
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2.6.3 Photo-generated Current and Open Circuit Voltage
Current is the sum of the hole and electron flow at any point. The slope of the
concentration curve of minority charge carrier determines the current contribution by each
minority charge carrier. The hole current at the junction is given by [33]

𝐼p = 𝑞𝐴

𝐷p
𝑝
𝜏p 0

·········· (2. 28)

where 𝐴 is the junction area. The electron current at the junction is given by [33]

𝐼n = 𝑞𝐴

𝐷n
𝑛
𝜏n 0

·········· (2. 29)

The total current is the sum of hole and electron currents as

𝐷p
𝐷n
𝑝0 +
𝑛
𝜏p
𝜏n 0

𝐼 = 𝐼p + 𝐼n = 𝑞𝐴

·········· (2. 30)

It is known that 𝑛p = 𝑛p0 + 𝑛0 and also 𝑝n = 𝑝n0 + 𝑝0
𝑛i2
𝑁A

·········· (2. 31)

𝑛i2
=
𝑁D

·········· (2. 32)

𝑛p0 =

𝑝n0

Therefore,
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𝑛0 = 𝑛p0

𝑞𝑉a
𝑛i2
𝑞𝑉a
exp
−1 ≈
exp
−1
𝑘𝑇
𝑁A
𝑘𝑇

·········· (2. 33)

𝑝0 = 𝑝n0

𝑞𝑉a
𝑛i2
𝑞𝑉a
exp
−1 ≈
exp
−1
𝑘𝑇
𝑁D
𝑘𝑇

·········· (2. 34)

From equations (2.30) - (2.34), the total current, 𝐼 can be written as

𝐼 = 𝑞𝐴𝑛i2

𝐷p
𝐷n
𝑞𝑉a
+
exp
−1
𝜏p 𝑁D
𝜏n 𝑁A
𝑘𝑇

·········· (2. 35)

If the applied voltage is negative, reverse biased condition, reverse saturation current, 𝐼0 is
obtained as [33].

𝐼0 = −𝑞𝐴𝑛i2

𝐷p
𝐷n
+
𝜏p 𝑁D
𝜏n 𝑁A

·········· (2. 36)

From the relation between equation (2.35) and (2.36), current can be written as

𝐼 = 𝐼0 exp

𝑞𝑉a
−1
𝑘𝑇

·········· (2. 37)

Under illuminated conditions, an extra current is generated by photovoltaic effect. Therefore, the
above equation reforms as [33]

𝐼 = 𝐼0 exp

𝑞𝑉a
− 1 − 𝐼L
𝑘𝑇

·········· (2. 38)

where 𝐼L is photo-generated current as shown in Figure 2-9. When light is falling on a solar cell
which is not connected to the external circuit, the generated free charge carriers are separated by
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the built-in electric field until the system reaches equilibrium. Namely, when the built-in electric
field is compensated by the stored charge carriers on both sides, equilibrium state is obtained.
The corresponding potential is called open circuit voltage (𝑉𝑜𝑐 ) which is the maximum voltage a
cell can provide. The open circuit voltage is given by [32]

𝑉oc =

𝑘𝑇
𝐼L
𝑘𝑇 𝐼L
ln
+1 ≈
ln
𝑞
𝐼0
𝑞 𝐼0

·········· (2. 39)

Figure 2-9: I-V characteristic of solar cell in dark and under illumination drawn in forth quadrant
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2.6.4 Equivalent Circuit
Solar cells possess a series and shunt resistance in nature, as illustrated in the solar cell
equivalent circuit of Figure 2-10. The 𝐼-𝑉 relationship of equivalent circuit is given by

ln 𝐼 +

𝐼L 𝑉 − 𝐼𝑅s
𝑞 𝑉 − 𝐼𝑅s
−
+1 =
𝐼0
𝐼0 𝑅p
𝑘𝑇

·········· (2. 40)

Three parameters are usually used to characterize solar cell outputs. One of them is short circuit
current, 𝐼sc . Short circuit current is the current at short circuit condition, i.e. 𝑉=0. This 𝐼sc is
ideally equal to the photo-generated current, 𝐼L . As a general practice, 𝐼sc is represented as short
circuit current density (𝐽sc ) and it is the maximum current density a cell can produce. The second
parameter is the open circuit voltage, 𝑉oc. Ideal value of open circuit voltage is given by setting 𝐼
to zero in equation (2.40). The maximum power is the optimum combination of voltage and
current. The third parameter of fill factor (FF) is defined as the ratio of peak power to the product
of 𝑉oc and 𝐼sc . It represents the “squareness” of the 𝐼-𝑉 curve, and given by [32]

FF =

𝑉mp 𝐼mp
𝑉oc 𝐼sc

·········· (2. 41)

where 𝑉mp and 𝐼mp are respectively the voltage and current at the maximum power point, 𝑃mp
depicted in Figure 2-9. Highly efficient cells typically have a FF of greater than 70%. The
photovoltaic conversion efficiency of a solar cell is given by the relation [32]

𝜂=

𝑉oc𝐽sc FF
𝑃in

·········· (2. 42)
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where 𝑃in is the incident power taken as 1000 W/m2 for a laboratory measurement corresponding
to the AM 1.5 solar spectrum.

Figure 2-10: Equivalent circuit for solar cell

2.6.5 Device Parameters
The device parameters on the basis of which a cell’s efficiency is defined are 𝐽𝑠c , 𝑉oc and
FF. These values depend on the kind of material and quality.
One of the factors which influence the value of 𝐽sc is the light absorption ability,
nominally referred to as absorption coefficient, 𝛼. The value of 𝛼 depends on the type of band
structure of the semiconductor. Direct band gap semiconductors such as CIGS can effectively
absorb 90% of the light and produce electron-hole pair within 1 μm thickness (𝛼=10-5cm).
Indirect band gap semiconductors such as silicon or germanium require additional energy to
absorb photons. The additional energy to transfer an electron from the valence band to the
conduction band is provided by phonon which is the form of lattice vibration. For example, 𝛼 of
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silicon is about 10-2 cm which requires approximately 100 μm thickness to effectively absorb 90%
of the light.
Other important factors are drift and diffusion. When photons are absorbed within the
built-in electric field, almost all electron-hole pairs can be separated by the electric field and
contribute to the current. This field driven movement of the free carriers is called drift. Whereas,
if photons are absorbed far away from the electric field, generated carriers do not lose their
energy instantly and fall back into the bound state unless they encounter the built-in field. The
amount of time for which they remain active is called lifetime. Within their lifetime, if the charge
carriers do not get separated by the built-in field, they recombine and do not contribute to the
current. The average distance a charge carrier can travel towards the built-in field within their
lifetime is called diffusion length. The lifetime and diffusion length depend on the crystal quality
of the material. Defects such as impurities, interstitials, lattice strain, vacancies and grain
boundaries can work as recombination centers which reduce the diffusion length.
The 𝑉oc depends on the built-in voltage of the device. Recombination centers located
within the field results in continuous recombination of charge carriers and drastically reduce the
𝑉oc. These recombination centers are called shunts. For a highly efficient cell, the current lost
through shunts should be minimized, i.e. the shunt resistance, 𝑅p should be high towards +∞.
Another factor which causes the current and voltage loss is series resistance, 𝑅s . Series
resistances are the bulk resistances of semiconductor and metallic contacts, and the contact
resistance between the metallic contacts and the semiconductor. Both 𝑅p and 𝑅s act to reduce the
FF as indicated in Figure 2-11.
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Figure 2-11: Effect of sheet resistance (𝑅s ) and shunt resistance (𝑅p )

All the factors mentioned above can be measured by current-voltage and quantum
efficiency (QE) measurements. QE measurement provides the information about the
effectiveness of a cell in converting light into electricity. If a cell shows sensitiveness to high
energy photons but poor response to low energy photons, it means the charge carriers generated
within the built-in electric field effectively reach the metallic contacts, whereas those generated
away from the field undergo recombination. This indicates that the diffusion length is
considerably short due to the bad crystal quality. On the other hand, QE measurements showing
poor response to high energy but good response to lower energy indicates the presence of a layer
opaque to high energies and transparent to low energies or reflects high energy light
preferentially. Such a layer could be removed or altered to improve the performance. The cells
with a mediocre QE response indicate several problems. The obvious ones are the losses due to
the reflection of the incident spectrum or large recombination losses at the junction that are
removing a fraction of electrons independent of the energy of their original photons.
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CHAPTER 3

MATERIALS REVIEW

Ever since the PV industry emerged on earth, crystalline silicon has dominated PV
market as the major material for solar cells. Crystalline silicon is an indirect band gap
semiconductor with a band gap of 1.12 eV. Being an indirect band gap semiconductor, silicon
requires a minimum thickness of about 100 μm for the effective absorption of the solar spectrum.
During the early years of thin film solar cells evolution, considerable efforts were made
for research, development and commercialization of Cu2S/CdS cells. However, these efforts had
to be abandoned as these cells had instability problems caused mainly by copper migration.

3.1

Cell Structure

A typical structure of CIGS solar cells is shown in Figure 3-1. Generally, following
procedure is employed to fabricate a CIGS solar cell; however, note that the thickness of each
layer is approximated number and can have a certain range of variation. First, a molybdenum
(Mo) back contact layer with thickness of 1 µm is deposited onto a glass substrate using DC
magnetron sputtering technique. Then 2 µm thick p-type CIGS light-absorbing layer is grown on
top of the Mo layer at elevated temperatures ranging from 400°C to 600°C depending upon the
employed process. Subsequently, n-type cadmium sulfate (CdS) buffer layer of 50 nm-thick is
deposited by chemical bath deposition. An undoped ZnO (i:ZnO) layer is deposited, followed by
a heavily aluminum doped ZnO (ZnO:Al) layer deposition, whose thicknesses are 50nm and
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300nm respectively. This n-type ZnO bilayer is called window layer. Front contacts of
aluminum-nickel (Al-Ni) alloy grid, for example, are formed on top of the window layer. Finally,
Magnesium Fluoride (MgF2) anti-reflection coating (ARC) is deposited over the finished device.

Figure 3-1: Cross sectional image of typical CIGS solar cell (not to scale)

3.2

CIGS Absorber

I-III-VI2 compounds are proving to be promising materials as an absorber for solar cells
to meet the increasing energy demand of the world. CuInSe2 (CIS) and its alloys have shown
long time stability; and highest energy conversion efficiency of 20% [9], [10] has been achieved
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by NREL with CIGS/CdS system. CIS-based (hereinafter collectively called CIGS) solar cells
are expected to supersede silicon solar cell because of their high efficiency as well as good
possibilities of reducing energy generation cost and high throughput.
One of the excellent features of CIGS is its band gap adjustability. The band gap of CIS
can be continuously widened by substituting Ga for In or S for Se. Namely, the band gap of CIS
increases with the concentration of Ga or [35]. CIS has a direct band gap of 1.02±0.01 eV at
room temperature with a temperature coefficient of -2±1×10-4 eV/K in the lower temperature
regime [36]. The typical absorption coefficient is larger than 105/cm for 1.4 eV and higher
photon energies [37]. Its excellent stability under high energy electron or proton flux has
reported, which makes it an attractive material for aerospace applications [38], [39].

3.2.1 Material Fabrication
A wide variety of techniques are employed to fabricate CIS based absorber layer such as
three-source evaporation [40], [41], laser ablation [42], [43], flash evaporation [44], [45], vapor
transport [46], spray pyrolysis [47], [48], sputtering [49], liquid phase epitaxy [50], [51], electro
deposition [52], [53], screen printing [54] and selenization of metallic layers [55], [56], [57].
Among the diverse ways of manufacturing CIGS thin-film absorbers, co-evaporation and two
stage process techniques are the most promising in terms of cost reduction and energy
conversion efficiency improvement.
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3.2.1.1 Coevaporation Process
The highest energy conversion efficiency is obtained with CIGS based solar cell using
thermal coevaporation from elemental sources. The process employs line-of-sight delivery of the
Cu, In, Ga and Se sources. The film composition and growth rate depend on the flux distribution
and effusion rate from the source. Initially, Boeing process was widely used [58] in which the
film is deposited with Cu rich regime so that it forms a CuxSe phase, followed by In and Ga rich
flux so that the composition becomes the desired Cu deficient. Later, the process has gone
through several modifications, and a variety of ways are employed by variety of groups.

3.2.1.2 Two Stage Process
Sputtering technique is an established process for very high throughput manufacturing
method. Two stage process is literally composed of two process stages. Namely, a base layer of
precursor is prepared by sputtering technique, followed by annealing in selenium or sulfur
atmosphere. ARCO Solar which later became Shell Solar is the pioneering manufacturer of CIS
solar cell fabrication using the two stage process [59].
The two stage process developed by ARCO Solar employs sputtering of a Cu and In layer
on Mo-coated glass substrate as the first step. In the second step, the Cu-In precursor is exposed
to a selenium-bearing gas such as hydrogen selenide (H2Se) mixed with argon at the elevated
temperature. The H2Se breaks down and leaves selenium atom when it reaches on the precursor
surface, then the adsorbed Se chemically reacts with Cu and In so that the precursor transforms
into a very high quality CIS absorber. Sputtering technology has the great advantage of
expandability in scale and adaptability to roll-to-roll production on flexible substrates.
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3.2.2 Crystal Structure
I-III-VI2 semiconductor material family crystallizes in tetragonal chalcopyrite lattice
structure and is stable from room temperature up to 810°C [60]. Chalcopyrite has a diamond-like
structure similar to zinc sulfide (ZnS) structure in which Zn atoms are replaced alternatively by
Cu (I) and In (III) atoms giving it a tetragonal unit cell. Each Cu and In atom has four bonds with
Se (VI) atom. In an opposite manner, each Se atom has two bonds to Cu and two to In described
in Figure 3-2. Since bond strength of the I-VI and III-VI bonds is generally different, the
tetragonal lattice parameters, 𝑐/𝑎 is not exactly 2. The deviation from 𝑐/𝑎 = 2 is called the
tetragonal distortion which is -0.01 in CuInSe2 and +0.04 in CuGaSe2.

Figure 3-2: CuInSe2 chalcopyrite crystal structure [34]
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3.2.3 Band Gap
The band gap energies of I-III-VI2 are considerably smaller than those of their binary
analogues because the Cu 3d band, together with the Se 4p band, forms the uppermost valence
band in the Cu-chalcopyrite, which is not so in II-VI compounds. However, the system of Cuchalcopyrite covers a wide band gap of energies from 1.02 eV in CuInSe2 up to 2.4 eV in
CuGaSe2, covering most of the visible spectrum.

3.2.4 Phase Diagram
The phase diagram provides the alloy composition, the allowed deviation from the
stoichiometry and the process temperature for producing a high-quality absorber layer. Figure 33 shows the ternary elemental composition diagram of Cu-In-Se system. Thin films in this
system grown with excess supply of Se have compositions that lie on, or near, the tie line
between Cu2Se and In2Se3. Note that the ordered defect compounds (ODC) such as CuIn3Se5,
Cu2In4Se7 and Cu3In5Se9 lie on the same tie-line as well as CuInSe2 and have the same
chalcopyrite structure. Because the ODC are formed by ordered arrangements of intrinsic point
defects, they maintain the chalcopyrite crystal structure [34]. This complex ternary diagram can
be reduced to a simpler pseudo-binary phase diagram near CuInSe2 along the tie-line and is
shown in Figure 3-4 [61].
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Figure 3-3: Elemental composition diagram of Cu-In-Se ternary system [34]

Figure 3-4: Pseudo-binary phase diagram along the tie line between Cu2Se and In2Se3 [34]
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3.2.4.1 α-Phase
According to the phase diagram, the α-phase (CuInSe2) can exist in a relatively narrow
range of Cu composition from 24 to 24.5 at% at room temperature, whereas at higher
temperature between 500°C and 550°C, the α-phase exists in the range of 22 to 24.5 at% Cu.
However, it has been reported that a certain amount of addition of either gallium or sodium
widens the α-phase region at room temperature to the range of 22 to 24.5 at% Cu. It is also noted
that the composition rate is not stoichiometric and Cu composition is less than 25 at%.

3.2.4.2 β-Phase
Because CIS thin films are grown at high temperatures, the α-phase region widens toward
the In rich side, there is quite a high possibility that the cooled film contains β-phase (CuIn3Se5).
Some groups have reported the benefits of having such an ODC layer built by ordered arrays of
defect pairs of Cu vacancies and In on Cu antisites [62]. This ODC layer has a wider band gap of
1.3 eV than that of CIS. By employing a wider band gap semiconductor at the metallurgical
junction, 𝑉oc increases [63].

3.2.4.3 Cu2Se phase
When the absorber layer is grown in Cu-rich regime an additional Cu2Se phase is formed
on the CIS grain boundaries. This additional layer is metallic in nature, therefore, it has to be
removed before depositing the heterojunction partner.
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3.2.4.4 δ-Phase
Another phase that appears in the phase diagram is the δ-phase with the sphalerite
structure which is stable at high temperature. A congruent solid-solid phase transformation
occurs at 810°C between the disordered δ-phase and the ordered chalcopyrite α-phase.

3.2.5 Intrinsic Defect Doping of CIGS

3.2.5.1 Defects
Another important characteristic of CIS based materials is that they can accommodate a
large amount of compositional variation without causing substantial changes in the electronic
properties. As a matter of fact, highly efficient solar cells have been fabricated with Cu/(In+Ga)
ratio between 0.7 and 1. This excellent property can be explained on the basis of defect
chemistry of CIS.
It has been shown that the formation energies of copper vacancies VCu and defect
complex composed of two copper vacancies in combination with In antisite on Cu (2VCu+InCu)
are low [64]. VCu introduces a shallow acceptor that is responsible for the p-type conductivity of
CIGS. Isolated InCu acts as a deep donor level; however, it can be electrically neutralized when
combined with 2VCu, thus, the 2VCu+InCu defects prevent degenerate doping in In rich material.
Because of the high concentration of 2VCu+InCu complexes, they interact with each other and
reduce the formation energy further.
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Thus the formation of such defect complexes can compensate the off stoichiometry of
CIS based material in Cu-poor or In-rich composition without introducing unfavorable effects on
electrical properties.

3.2.5.2 Doping
Electric properties of the CIS based semiconductors are controlled by intrinsic defects. If
a CIS semiconductor is grown in Cu poor and Se rich condition, it shows p-type conductivity,
whereas Cu-rich material grown with Se deficient condition tends to show n-type characteristic
[65], [66]. Thus, Se vacancy (VSe) is considered as the dominant donor responsible for the n-type
characteristic as well as acts as a compensating donor in p-type CIS based material, whereas VCu
is dominant acceptor in Cu poor p-type material.
If there is excess Cu, major defects are CuIn antisite and In vacancy (VIn) acceptors,
which both contribute to a formation of a p-type characteristic.

3.2.5.3 Grain Boundaries
A variety of defects such as dislocations, stacking faults and twins have been reported on
grain boundaries of CIS based materials [67], [68], [69]. One of the most harmful defects on
grain boundaries and surface is selenium vacancy, VSe. However, VSe can be passivated with
oxygen and electrically harmless by heat treatments in air atmosphere without affecting the bulk
chemistry. As a result, grain boundaries become more p-type due to the elimination of deep
donor level and become electronically benign.
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3.2.6 Band Gap Engineering

3.2.6.1 Gallium Incorporation
CIS has a direct band gap of 1.02 eV at room temperature; however, it is narrower than
the ideal value for solar cells. It has been suggested that incorporating Ga will widen the band
gap and make it closer to the ideal value. Incorporation of Ga results in an increase of the band
gap of CIS by increasing the conduction band minima [64]. The increase in band gap with
gallium content rate, 𝑥 is estimated by [70]
𝐸g eV = 1.010 + 0.626𝑥 − 0.167𝑥 1 − 𝑥

·········· (3. 1)

Gallium has a tendency to diffuse towards the back metallic contact because of its small size and
residual stress in the film [71]. As a consequence, CGS phase (copper gallium diselenide) is
formed in the high Ga content region near the back contact [72]. CGS has a band gap of 1.68 eV
which is wider than CIS. Hence, the band gap gradient is created between CIS surface region and
CGS back contact region which act as a back surface field (BSF) that repels minority carriers
diffusing into the back contact. The BSF greatly reduces the charge carrier loss at the back
contact and increases the open circuit voltage [73].
Another beneficial effect is obtained from the fact that the formation energy of a GaCu
defect is higher than the formation energy of InCu. This higher energy discourages the formation
of defect pairs of 2VCu+InCu, thereby reducing the tendency to form the ODC [74] and enhancing
the α-phase formation.
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3.2.6.2 Sulfur Incorporation
Sulfurization of metallic precursors in a sulfur atmosphere is another technique to expand
the band gap of CIS or CIGS up to 1.55 eV. Hahn-Meitner-Institut of Germany has developed a
similar process using elemental sulfur [75]. Post sulfurization treatment yields CIGSS or CIGS2
layer at the surface area. Forming a wider band gap at the p-n junctions helps the device increase
the 𝑉oc. During post sulfurization treatment, sulfur atoms tend to occupy selenium vacancies or
replace selenium in crystal because sulfur is more reactive compared to selenium, thereby it
reduces the compensating donors, VSe, and passivate the surface as well [76].

3.2.7 Effect of Sodium Addition
The highly efficient CIGS thin-film solar cells have been employing soda lime glass as a
substrate material which contains considerable amount of sodium (Na) in the form of Na2O. It
has been shown that the incorporation of certain amount of Na during growth of the CIGS layer
is favorable for the solar cell performance reducing detrimental point defects.
Na reduces compensating donors by occupying selenium vacancies and InCu antisite
defects, thereby increase the p-type conductivity [77]. Moreover, Na also replaces copper
vacancies to reduce the formation of ODC and increase the α-phase area in the phase diagram. It
is reported that the grain size is enlarged by promoting preferred grain growth orientation (112)
[78] and Na on the grain surfaces and boundaries acts as a catalyst for the oxygen passivation
[79].
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3.3

Window Layer – Cadmium Sulfate (CdS)

Cadmium sulfate (CdS) semiconductor has been widely and deeply investigated and a
variety of techniques have been applied to fabricate solar cell quality layers. [80]. CdS is a n-type
semiconductor with a band gap of 2.45 eV and forms a heterojunction with CIS based absorbers.
Most part of the depletion region at the interface is in the CIS film because the carrier density in
CdS is much larger than CIGS, which results in reduction in the minority carrier recombination
at the back metallurgical contact. It is also known that CdS can grow epitaxially on CIS surface
[81]. Due to its wide band gap and transparency, CdS serves as a window layer with small light
absorption.
A 50 nm thick film shows yellow to orange color but when it is grown on a CIGS film, it
looks blue to purple. The optical absorption edge of CdS films grown with CBD is the same as
that of bulk material.
CdS films are usually grown by chemical bath deposition (CBD), and the crystal structure
can be varied depending on the deposition parameters [82]. CdS thin film deposited by CBD has
wurtzite crystal structure where the 𝑐 axis is perpendicular to the substrate. The growth
orientation is in a closed packed direction <0001>.
Chemical bath deposition of CdS buffer layers on CIGS absorber is generally carried out
in an alkaline aqueous solution of pH>9, which contains cadmium salt (CdSO4), complexing
agent (NH3) and sulfur precursor ((NH2)2CS, Thiourea). The complexing agent plays a role of
decelerating the reaction and avoids the formation of Cd(OH)2. The temperature range of 60 to
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80°C is generally employed for thiourea to hydrolyze, decompose, and then release S2- ions. The
net reaction for the formation of CdS is as follows:
−
Cd(NH3 )2+
→ CdS + H2 NCN + 4NH3 + 2H2 O
4 + SC(NH2 )2 + 2OH

····· (3. 2)

There are quite a few benefits obtained by a CdS layer deposition:
1. CBD deposition of CdS evenly covers the rough CIS polycrystalline absorber surface.
2. The CdS layer protects against damages and chemical reactions from subsequent ZnO
deposition process.
3. The chemical bath solution removes the natural oxide layer on the film surface and reestablishes positively charged surface states. As a consequence, there is a natural type
inversion at the buffer/absorber interfaces.
4. Cd diffuses into the Cu-poor CIS surface layer at tertian depth and forms CdCu donor,
thereby it provides additional positive charge that enhances the type inversion of the
buffer (CdS)/absorber interface [83].
5. From the electrical point of view, CdS layer optimizes the band alignment of the device
[84] and forms a wide depletion region that minimizes tunneling and establishes a higher
contact potential that allows higher open circuit voltage [85].
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3.4

Window Layer – Zinc Oxide (ZnO)

3.4.1 i:ZnO Buffer Layer
Highly resistive undoped ZnO (i:ZnO) is commonly used as a buffer layer between CdS
and top transparent conductive layer. Due to its intrinsic defects which act as shallow donors
such as oxygen vacancies (VO) and zinc interstitials (ZnI), i:ZnO has n-type conductivity [86],
[87]. Typically thickness of 50 nm i:ZnO layer is deposited by radio frequency (RF) magnetron
sputtering technique. The highly resistive layer prevents the direct contact of transparent and
conducting oxide (ZnO:Al) layer and CIGSS absorber or even Mo back contact, thereby
eliminates the shunt paths. The thickness of i:ZnO layer is very critical to the device performance.
If the layer is too thin, it may allow the leakage current to increase. On the other hand, an
excessively thick layer increases the series resistance, which reduces the current density. The
i:ZnO layer also significantly influences the 𝑉𝑜𝑐 and the FF [88].

3.4.2 Transparent Conducting ZnO Layer
ZnO is a low-cost and abundant material with a band gap of 3.3 eV making it transparent
to the visible spectra. A Group III element such as aluminum, boron or gallium is doped to
achieve a high conductivity. Among all the variety, aluminum doped ZnO:Al is frequently used
as a transparent and conducting front contact in thin-film solar cells with CIGS absorber. RF or
DC magnetron sputtering technique is used to deposit the layer. The target material usually
contains 2 wt% of alumina (Al2O3) for high conductivity. It has hexagonal wurtzite lattice
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structure and shows n-type conductivity because of the non-stoichiometry. Highly dense charge
carrier makes ZnO:Al low resistive transparent conducting layer.
Introduction of electrically active defects into ZnO layers deposited by sputtering
strongly depends on process parameters such as working gas pressure and flux, RF power and
the distance between the target and the substrate. Growing in oxygen deficient condition leads to
the deposition of opaque metallic zinc along with zinc oxide. Therefore, oxygen gas is
incorporated to the sputter gas to grow transparent layer, or the substrate is heated to reevaporate free zinc atoms.

3.5

Molybdenum Back Contact Layer

Molybdenum (Mo) is one of the most important materials used as a back Ohmic contact
layer for CIS based thin-film solar cells. A variety of metal/CIS contacts have been investigated,
including Mo, Pt, Au, Au/Be, Al, Ni, Ag, and Cu. These studies have shown that Pt, Ni, Au, and
Mo all form fairly reproducible, low-resistance contacts to CIS. However, if they are annealed at
elevated temperatures Au and Pt swiftly diffuse into the CIS layer [89], whereas Mo and Ni seem
to be inert and can be even improved with high-temperature treatment [16]. The contact
properties of CIS films formed at high temperatures (600°C and above) on metallic thin films are
likely to be quite different [90]. Moreover, for polycrystalline CIGS solar cells, the metallic back
contact is the substrate where the CIGS absorber layer grows. Because of its relative stability at
the processing temperatures, chemical stability against reacting with Cu, In and Ga, and its low
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contact resistance to CIS based material, Mo has been dominantly selected for the back contact
layer to CIS and CIGS solar cells [91].

3.5.1 Residual Stress and Resistivity
Mo back contact is generally deposited by DC magnetron sputtering; however, it
develops residual stress during the deposition process. It has been reported that the internal
stresses in refractory-metal films prepared by magnetron sputter deposition are strongly
influenced by the working gas pressure [20], [92]. Being a refractory-metal, Mo shows a
correlation between working gas pressure and residual stress when deposited by DC magnetron
sputtering deposition technique [30], [11], [29].
Macroscopic stresses may be observed by visual assessment. If films are in a highly
compressive stress state, they tend to buckle up, whereas films under substantial tensile stress
show scratch patterns [11], [93].
It is suggested that such residual stress developments are dependent on energetic flux of
reflected neutral atoms and/or sputtered atoms from the target. The working gas molecules play a
critical role of reducing the flux and energy of these atoms. At lower pressures, the mean free
path of the energetic particles become longer, thereby the bombarding atoms have higher kinetic
energy. As a consequence, the deposited film has a densely packed microstructure which is
responsible for the tendency towards the compressive stress state. In other words, one can say
that this compressive stress is introduced by atomic peening effect of energetic particles.
Whereas, at higher pressures, the mean free path becomes shorter and particles have higher
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probability to be scattered, thereby less energetic particle incidence is served to the film. The
resulting film tends to exhibit an open porous microstructure. Due to its open structure,
interatomic or intergranular attractive forces become high, hence produces tensile stress.
Likewise, open structure increases the resistivity of Mo thin films. Therefore, resistivity
is strongly dependent on working gas pressure condition. High pressure condition yields low
resistive, and low pressure condition yields high resistive Mo thin films.

3.5.2 Surface Roughness and Morphology
It has been reported that surface roughness of substrate may influence the device
performance as a CIGS solar cell through following three mechanisms [94].
1. Nucleation. A rough Mo coated substrate surface is supposed to provide more sites to
nucleate for CIGS absorber, resulting in smaller CIGS grains and more defects.
2. Impurity diffusion. A number of impurities diffuse from the soda lime glass substrate into
the CIGS layer through the Mo back contact during the growth process of the CIGS
absorber layer at elevated temperature. As mentioned in earlier section, Na is known as a
fast diffuser and a beneficial impurity for CIGS solar cells; however, the amount of
incorporation has to be controlled for repetitive stable CIGS solar cell production.
Defects and grain boundaries in Mo layers provide fast diffusion paths for all impurities.
Therefore, it is important to control the impurity diffusion by controlling the
microstructure of Mo back contact layers.
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3. Metallurgical shunts. Large surface projections of Mo back contact layer may protrude
through CIGS absorber layer to create shunt paths.
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CHAPTER 4

EXPERIMENTAL SETUP

To find out how sputtering deposition parameters such as working gas pressure and DC
power supplied to the sputtering system influence the properties of Mo thin films, following
equipments, experimental procedure, and measurements were employed in this work.

4.1

Sputtering System

Mo thin film deposition was carried out by DC magnetron sputtering technique. The
vacuum chamber was evacuated to the base pressure of 1.5 to 2.0 ×10-6 Torr using a combination
of a mechanical pump and a cryo pump [55]. During the sputtering process, only the cryo pump
was operated to set a pressure at the desired value. A schematic diagram of the employed
sputtering system to deposit the Mo thin films is shown in Figure 4-1. The distance between the
planar magnetron sputtering cathode target and the substrate was maintained at 90 mm for all
depositions. The substrate can slide linearly over the target using a computer controlled stepper
motor.
Depositions were carried out from the Mo cathode target dimensions of 300 × 100 mm
and purity of 99.95%. The Mo cathode target was water-cooled during the deposition process to
avoid the target get damaged. The Mo target was fabricated from commercially available
material. The soda lime glass substrate was placed on the stainless steel holder and loaded into
the deposition vacuum chamber. A 99.999% pure argon (Ar) gas was used as a working gas and
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its flow rate was varied with a mass flow controller to set the desired gas pressure. Ar pressure
was measured with a convectron gauge.

Figure 4-1: DC magnetron sputtering system

4.2

Process Procedure

4.2.1 Substrate Preparation
Prior to the deposition, the glass substrate was cleaned by detergent solution, ultrasonic,
and deionized water. After scrubbing with detergent solution, and ultrasonic cleaning, the
substrate was rinsed in running deionized water. After the rinse, the substrate was blow-dried
with high purity nitrogen gas, then immediately introduced into the vacuum chamber to avoid
attachment of contaminations and particles to the substrate. The thin flat glass strips used for the
bending beam measurement were cleaned by wiping with deionized water and isopropanol.
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Properties such as resistivity, surface roughness, crystallinity, and thickness were
measured with the Mo thin films deposited on the 3 mm thick soda lime glass substrate. Residual
stress of Mo thin films was measured by the deflection of the very thin glass strips after the Mo
film deposition.

4.2.2 Process Plasma
The following procedure was used for lighting the process plasma.
1. The chamber was evacuated to a base pressure below 2.0 ×10-6 Torr.
2. The gate valve was throttled to maintain the pressure of the chamber during deposition.
3. Introduce Ar gas into the chamber to raise the chamber pressure up to a desired value to be
maintained during the sputtering process.
4. The DC power supply was turned on with initial power supply of 50W, and the power was
gradually increased by the controller until the power reaches a desired value.
The planar magnetron cathode was operated in the power control mode, and horizontal
shields provided a symmetric coating window with a maximum incident angle of approximately
40°. Preparatory for the deposition, the target surface was cleaned by “pre-sputtering” which is
typically 5 minutes operation under the deposition conditions to be employed, while the substrate
was isolated from the plasma by the shields.
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4.2.3 Deposition
During the deposition process, the substrate was slowly transported over the target using
a stepper motor. The transportation time was determined from the deposition rate and the desired
thickness of the Mo thin film, and the motion speed of the substrate was controlled by a
computer program. The purpose of the transportation of the substrate is to eliminate the position
dependency of the properties and thickness within the film. By moving the substrate horizontally
above the target, the incidence angle of the target atom flux varies with position; eventually all
portion of the substrate are equally exposed to the varied flux, and a homogeneous film
deposition on the substrate is achieved. Under these process conditions, a variation in Mo film
thickness of less than 5% was obtained.

4.2.4 Substrate Temperature
During the deposition of Mo film, the glass substrates were not given any thermal control.
The temperature increase of the substrates during sputter deposition was estimated to be less than
50K, corresponding to a negligible thermal stress condition of approximately 0.05 GPa.
Therefore, the deflections due to thermal effects during deposition are negligibly small compared
to the deflection caused by film stress [28].
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4.3

Measurements

All measurements on films were made after the samples had been unloaded from the
sputtering system. All data were measured immediately after the unloading to avoid aging except
for XRD and AFM measurement, which were measured at NREL and University of South
Florida.

4.3.1 Stress Analysis
The residual stress was measured by the bending beam method. Experiments were carried
out on a 0.15 mm thick, dimension of 10mm × 150mm rectangular soda lime glass strip to obtain
qualitative information about the stress developed under various parameters of deposition. Thin
flat glass strip was attached to a 3 mm thick, dimension of 6 × 4 inch glass substrate along the
300 mm length of the target gluing them with vacuum compatible tape only at the two ends [95].
Mo films were deposited onto the running glass substrates at Ar pressure ranging from
0.1 to 5.0 mTorr and supplied power ranging from 200 to 300 W. Target voltages and plasma
currents were varied dependent on both working gas pressure and supplied power conditions.
Measured deflection displayed by the glass strips were along the 300 mm length of the
Mo target. The nature of the bending in the glass strip was either convex or concave depending
on the stress state. The bending of the film/strip assembly is caused by the presence of internal
stresses: stresses are compressive in the film when the convex side of the assembly is the film.
Any change in the internal stress state will result in a change in the radius of curvature. Extensive
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studies have examined and modeled this phenomenon, as reviewed by Benabdi and Roche [96].
Most of these works follow the one-dimensional analysis of Stoney [97], who derived the classic
expression relating the radius of curvature of the deposited thin film, 𝑅 to its internal residual
stress, 𝜎i in case where the films are much thinner than the substrates [98].

𝜎i =

𝐸s s2
1
1
−
6 1 − 𝜈 c 𝑅 𝑅0

·········· (4. 1)

where 𝐸s is the Young’s modulus of the glass strip, s is the thickness of the strip, c is the film
thickness, 𝜈 is the Poisson’s ratio of the strip, 𝑅 and 𝑅0 are the radii of curvature of the strip after
and before deposition, respectively. Division by (1-𝜈) is to take into account that the stress in the
film is biaxial. Stoney’s equation can be reformulated to give

𝑆=

4𝐸s s 2
3 1 − 𝜈 𝐿0 2

×

𝛿
c

·········· (4. 2)

where 𝑆 is the average stress of the film, 𝐿0 is the length of the glass strip, 𝛿 is the deflection at
the end of the strip depicted in Figure 4-2. Here, the term of the original curvature of a bare glass
strip, 1/𝑅0 is set at naught because it is much larger than that of after depositon. Relationship
among 𝑅, 𝛿, and 𝐿0 is geometrically given by
𝐿0 2
𝑅=
8𝛿

·········· (4. 3)

The usual convention, where compressive stresses are negative, was adopted. Timoshenko [99]
initially proposed to correct for higher orders of the thickness ratio, c s , and refined
corrections to Stoney’s equation, according for different values of Poisson’s ratio and different
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substrate thickness and substrate width have since been derived. Such corrections turn out to be
less than a few percent if the radius of curvature, 𝑅 is greater than, or approximately equal to
𝑊 2 s , where 𝑊 represents substrate width [100]. Stoney’s equation was corrected by Hofmann
for the case of biaxial in-plane stress [101]. Alternative expressions delivered in the past decades
are numerous, a critical assessment of which can be found in elsewhere [96], [102].

Figure 4-2: Schematic of bent glass strip and thin film

4.3.2 Crystallinity
Crystal structure was investigated using X-ray diffraction (XRD) technique with Cu Kα
radiation (wavelength = 1.540562 Å). From the obtained XRD spectral patterns, lattice
parameter and mean grain size for each film deposited with different condition were estimated.
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4.3.3 Resistivity
From an electrical point of view, sheet resistance should be as low as possible for a back
contact layer of a solar cell to minimize the influence to the series resistance of the cell. Sheet
resistance of Mo thin films was measured using a four-point probe measurement technique.
Sheet resistances varied by no more than 5% across the 6×4 inch substrate area. Then, resistivity
of the Mo thin films was calculated from the sheet resistance and thickness of the film.

4.3.4 Thickness and Roughness
Dektak profilometer was used to determine the Mo film thickness and surface topography.
Thickness was measured at a step between bare glass and deposited film, which had been created
by attaching the mask during the deposition process. Among a number of parameters and
functions which are employed to describe the surface features, average roughness (𝑅a ) was used
to describe the feature of the Mo film surface. 𝑅a is defined as the arithmetic mean of the
departures of the profile from the mean line. The scan length of 2 mm for the average roughness
measurement was arbitrarily selected. The low pass filter of 200 µm was used to remove
waviness components from the 𝑅a calculation because the waviness is considered to originate
from the soda lime glass substrate and not to be effective to the CIGS solar cell performance.
Atomic force microscopy (AFM) was also used to cover more detail resolution.
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4.3.5 Adhesion
The degree of adhesion was qualitatively assessed using the “Scotch-tape” test [100].
Adhesion is considered to be adequate if the Mo thin film is not pulled off by the tape when it is
removed promptly.
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CHAPTER 5

5.1

RESULTS AND DISCUSSIONS

Plasma Discharge Characteristics

The practical relationship between plasma discharge current, 𝐼 and discharge voltage, 𝑉 in
a magnetron sputtering system can be empirically given by [103]
𝐼 = 𝜅𝑉 𝑛

·········· (5. 1)

where both 𝜅 and 𝑛 are constants. These constants are strongly dependent on the gas-target
combination, the design of the magnetron system, the magnetic field, and other geometric
parameters. The value of 𝑛 is generally in the range of 5 to 15 [103].
Figure 5-1 shows the obtained 𝐼-𝑉 characteristics of the sputtering system, and Table 5-1
shows the process conditions employed in this investigation. The 𝑛 values for pressures of 0.1,
0.3, and 1.0 mTorr are 3.20, 3.56, and 6.22, respectively. The lower value of 𝑛 obtained at lower
pressure indicates the target-gas combination has lower yield [104]. The increase of the 𝑛 value
at higher gas pressure indicates that the yield is improved by increasing the pressure. Namely,
the increase of the gas pressure causes the reduction of the electron temperature (𝑇e ), which
stems from the collision frequency difference. The electron temperature reduction brings the
voltage drop given by,
𝑉 = 𝛼 𝑘𝑇e

0.5

·········· (5. 2)

where 𝛼 is a constant for the sputtering system. The 𝑛 value increases to compensate the voltage
drop at higher working gas pressure condition. In other words, the sputtering power dents to be
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used to increase the plasma current at higher pressure. Hence, the pressure should be low to
achieve a higher discharge voltage.

Table 5-1: Process conditions for discharge current and voltage characteristics

Figure 5-1: Relationship between discharge current and voltage of the sputtering system at pressures of 0.1, 0.3,
and 1.0 mTorr
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5.2

Deposition Rate

The deposition rate and uniformity are commonly scaled with the product value of the
working gas pressure and the working distance between target and substrate. However, this
scaling is complicated by the flux of the neutralized backscattering gas atom. The deposition rate
is shown if Figure 5-2 as a function of sputtering power. By varying the sputtering power and the
working gas pressure, the deposition rate varied from 3.3 to 5.6 Å/s.
The deposition rates showed the strong dependency on the sputtering power, which can
be explained by the bombardment flux and the incident kinetic energy to the target of the Ar ions.
As the power increases, corresponding plasma current and target voltage also increase as can be
seen in Figure 5-1. The increase of plasma current means the increase of the plasma density,
namely the increase of the flux of incident Ar ions to the target. In addition, the kinetic energy of
the incident Ar ions increases as the target voltage increases; thereby the sputtering yield
increases and Mo atoms in the target are effectively sputtered. Thus, it is considered that the
increase of the deposition rate is attributed to the combined effects of the increment of both
number density and kinetic energy of Ar ions. It is also noted that the deposition rate increased
with gas pressure; however, the increase is not significant at the pressure of above 0.3 mTorr,
which is considered to be posed by scattering of Mo atoms, or “sputtering wind effect”, or both.
Figure 5-3 shows the comparison of the obtained deposition rate with the model
suggested by Ekpe et al [104]. The model assumes that the flux of sputtered atoms to the
substrate only consists of fast atoms, and thermalized ones moving by diffusion is neglected. The
flux of the fast atoms, 𝜙 is given by
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𝜙 𝑝𝑙 = 𝜙d exp −𝜁𝑝𝑙

·········· 5. 2

𝜁 ∝ 𝑃−5/8

·········· (5. 3)

where 𝑝 is the pressure, 𝑙 is the distance between target and substrate, 𝜁 is the parameter
dependent on the free path of the atoms, 𝑃 is the sputtering power, and 𝜙d is the initial flux
emitted from the target. Good agreement is observed between experimental data and the model.
It can be indicated that the deposition of the fast Mo atoms is the dominant mechanism in this
system.

Figure 5-2: Variation in the deposition rate of Mo thin film with discharge power at 0.1, 0.3, and 1.0 mTorr
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Figure 5-3: Comparison of deposition rate between the model [104] and experimental data

5.3

Crystal Structure

The crystallographic structure of Mo films was investigated using X-ray diffraction
(XRD) technique in order to determine the influence of the preparation parameters on the
crystallographic properties. Sputter-deposited films are polycrystalline in nature with body
centered cubic (BCC) structure, and (110) plane is the closest-packed in BCC structure with the
lowest surface energy.
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5.3.1 Lattice Parameter
Figures 5-4 and 5-5 show the X-ray diffraction patterns of Mo thin films deposited at
several pressures with the power of 200 W and 250 W, respectively. All spectra show the most
intense peak at around 2𝜃=40.5˚ corresponding to ‹110› preferred orientation of BCC crystal.
Table 5-2 summarizes the lattice parameters estimated from the Bragg’s law, using (110) peak
angle 𝜃 and wavelength of the Cu Kα X-ray 𝜆.
The evaluated lattice parameters of the Mo films are ranging from 3.141 to 3.148 Å
which is slightly smaller than the bulk value of 3.150 Å. This change in lattice parameter is
attributed to the strain associated with the residual stress in the Mo thin film.
It is also noted that the peak intensity of (211) decreases with the gas pressure. This result
indicates that the grains grow in not only ‹110› direction but also in ‹211› direction at lower
pressures.

Table 5-2: Lattice parameters (unit: Å) of Mo thin films calculated from XRD (110) spectral peak and the
wavelength of Cu Kα radiation
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Figure 5-4: XRD spectrum patterns of Mo thin films deposited at 200 W and 0.3, 1.0, and 3.0 mTorr

Figure 5-5: XRD spectrum patterns of Mo thin films deposited at 250 W and 0.3, 1.0, and 2.0 mTorr
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5.3.2 Crystallinity
Figures 5-6 and 5-7 show the influence of the working gas pressure on the XRD (110)
peak spectra of Mo thin films, where each spectrum is normalized with respect to the area under
the curve so that all curves have same area of unity [11]. The diffraction patterns are all nearly
smooth around the peak. Films with a broad peak are considered to have crystallized badly.
Since better crystallized material shows sharper spectrum peak, it can be indicated that
the lower the working gas pressure, the better the crystal structure becomes. This result can be
explained by the atomic peening effect. The kinetic energy of neutralized backscattering Ar
atoms and sputtered Mo atoms are higher at lower gas pressure condition, which is associated
with lower frequency of momentum transfer collision with back ground working gas atoms. The
energetic incident atoms are considered to bring the films the atomic peening effect, and as a
consequence, the films are densely packed and exhibit less defect concentration. Figure 5-8 also
indicates the atomic peening effect caused by the higher target voltage. By increasing the power,
thereby the target voltage, more energetic atom flux incidents the substrate and atomic peening
effect is enhanced. Full width at half maximum (FWHM) for each peak is shown in Figure 5-9.
The FWHM variation provides the quantitative information of the crystallinity discussed above.
FWHM is influenced by defects, strain, and mean grain size in the film.
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Figure 5-6: Normalized XRD profiles of (110) reflection peak of Mo thin films deposited at 200 W and 0.3,
1.0, and 3.0 mTorr

Figure 5-7: Normalized XRD profiles of (110) reflection peak of Mo thin films deposited at 250 W and 0.3,
1.0, and 2.0 mTorr
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Figure 5-8: Comparison of XRD profiles of (110) reflection peak of Mo thin films between 200 W and 250 W
(deposited at 0.3 mTorr)

Figure 5-9: FWHM variation of Mo thin films (deposited at 200 and 250 W) as a function of working gas
pressure
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5.3.3 Grain Size
Mean grain size is estimated from FWHM of the diffraction peak using following
Scherrer equation [105], [106], [107].

𝐷=

0.94𝜆
𝑊 cos 𝜃

·········· (5. 4)

where 𝐷 is the mean grain size, 𝜆 is the X-ray wavelength, 𝑊 is the FWHM measured in radians,
and 𝜃 is the Bragg angle. It is important to keep in mind that the Scherrer equation is only
applicable to grains smaller than about 1000 Å and inhomogeneous strain can also contribute to
the width of a diffraction peak. Table 5-3 and Figure 5-10 show the relationship between
working gas pressure and mean grain size of Mo films. The grain size of each film was found to
increase from 115 to 325 Å by increasing the sputtering power and decreasing the gas pressure.
It can be deduced that grain growth was facilitated by the atomic peening effect at lower pressure
and higher power, hence grain coarsening occurred. The energetic incident atoms provide the
energy to the Mo film to grow in ordered manner by striking the film surface as well as enhance
the growth speed by providing the thermal energy, resulting in large grains and more intense
(211) spectrum peaks observed at low pressure and high power condition.

Table 5-3: Mean grain size (unit: Å) of Mo thin films estimated from Scherrer equation
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Figure 5-10: Mean grain size of Mo thin films (deposited at 200 and 250 W) estimated from Scherrer equation
as a function of working gas pressure

5.4

Surface Morphology

Figures 5-11 and 5-12 shows the AFM images of the Mo thin films deposited at 200 and
250 W and gas pressure ranged from 0.3 to 3.0 mTorr. It can be seen that the grain size increases
with increasing the sputtering power and decreasing the gas pressure. These images show very
good consistency with the mean grain size evaluation using X-ray diffraction pattern in the
previous section. Another attention should be paid to the shape of the grains. Grains become
coarser when deposited at lower pressure, whereas grains at higher pressure tend to be more
round and columnar.
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Figure 5-11: AFM images of Mo thin film surfaces at various sputtering conditions
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Figure 5-12: AFM images of Mo thin film surface roughness at various sputtering conditions

Figure 5-13 shows the influence of working gas pressure and sputtering power on the
average surface roughness of the Mo thin films using Dektak profilometer. The results appear
that the surface roughness is smoother at around 1.0 mTorr (11.5 to 14.5 Å) than at higher or
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lower gas pressure conditions. However, low average roughness value is also observed at lower
pressures despite the values are swinging between 13 to 26 Å at 0.1 mTorr.
Roughening at lower pressures is attributed to the coarse grains as mentioned in previous
section. Whereas, at higher gas pressures, the films are suspected of having porous
microstructure, voids, and cracks. If the gas pressure is higher, neutralized Ar and sputtered Mo
atoms have more possibility to be scattered and arrive more obliquely at the substrate losing
kinetic energy, resulting in slower grain growth with round columnar small grains. Further
pressure increase is considered to pose “self-shadowing”, resulting in porous and rougher surface
as shown in Figures 5-11 and 5-12.

Figure 5-13: Variation of average roughness of Mo thin film surface (deposited from 200 W to 300 W) as a
function of working gas pressure

79

5.5

Resistivity

Sheet resistance of the Mo thin films with thickness of about 7000 Å ranged from 0.036
to 7.53 Ω/sq at room temperature was obtained as shown in Figure 5-14. The resistivity at
sputtering power of 200 W is shown in Figure 5-15 as a function of the working gas pressure.
The resistivity of the Mo thin films is strongly influenced by the gas pressure, whereas sputtering
power has much less influence compare to the gas pressure. When the pressure was 5 mTorr, the
resistivity is in the range from 117 to 166 µΩ∙cm, which is one order higher for the use as a back
contact electrode layer of solar cells [11]. The lowest resistivity, 11.9 μΩ∙cm was obtained in
films prepared at a working gas pressure of 0.1 mTorr and a power of 250 W, which is roughly
twice the room temperature bulk value of 5.4 μΩ∙cm.
This difference in resistivity is explained by the relative oxygen and argon concentration
in the films [105], [108]. G. Gordillo et al. reported that the reduction of the resistivity of the Mo
films by reducing the working gas pressure is caused by an increase of both the Hall mobility
and carrier concentration [30]. Resistivity data is a good indication of the combined effects of
chemical impurities and physical defects in the Mo films on the movement of free electrons.
The resistivity curve shown in Figure 5-15 indicates a decreasing of structural defects
with decreasing the working gas pressure. The observed increase in resistivity shown at higher
gas pressure is deduced to be the direct result of the sputtering induced porosity mentioned in the
earlier section. With decreasing the pressure, the probability of scattering of sputtered atoms
becomes less, and the films become less porous and more tightly packed. This tightly packed
microstructure results in the decrease of film resistivity.
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Figure 5-14: Sheet resistance variation of Mo thin films with thickness of about 7000 Ǻ as a function of
working gas pressure

Figure 5-15: Resistivity variation of Mo thin films as a function of working gas pressure (deposited at 200W)
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Figure 5-16 shows the correlation between resistivity and the average grain size. It clearly
indicates that the resistivity decreases with increasing the grain size through the decrement of the
working gas pressure. The smaller the mean grain size is, the more the grain boundaries exist,
thereby, the resistivity increases with decreasing the mean grain size. However, the films
deposited at lower power exhibit lower resistivity even though they have smaller grains than that
of the films deposited at higher power. This phenomenon can be considered to be caused by the
incorporation of Ar atoms within the Mo thin films [20].

Figure 5-16: Resistivity variation of Mo thin film as a function of mean grain size (deposited at 200 and 250 W)
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5.6

Stress Analysis

Bent very thin glass strips by the film deposition were used to estimate the amount of
stress present in the Mo thin films. This was a crude approach for qualitative understanding of
the stress build up by varying the deposition parameters. After unloaded from the sputtering
system, the deflection at the end of the glass strip, 𝛿 was measured. Figure 5-17 shows a typical
image of the glass strips bent by the deposition. When the residual stress of the film is
compressive, the glass strip bends toward the other side of the deposited face. On the other hand,
if the film is in tensile state, the glass strip bends toward the deposited face. As indicated in
equation (4.2), the magnitude of the deflection is proportional to the amount of stress, therefore
the higher the deflection a glass strip shows, the higher the residual stress of the film is.

Figure 5-17: Image of a bent glass strip

The residual stresses in Mo films deposited by DC magnetron sputtering system are
shown in Figure 5-18 as a function of target voltage. The films were deposited at 0.1 mTorr. A
monotonous decrease in tensile stress from 322 MPa at 290 V to 152 MPa at 316 V is observed
with increasing the target voltage. This result can again be explained in terms of atomic peening
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effect [109], namely, the kinetic energy of incident backscattering neutralized Ar atoms and Mo
adatoms to the substrate. These energetic particles also limit the development of a columnar
morphology growth by coarsening as mentioned earlier. These effects lead the deposited films to
the densification in microstructure.
At lower target voltages, the kinetic energy of the incident Ar ions to the Mo target is less,
resulting in less kinetic energy of sputtered Mo atoms and neutralized backscattering Ar atoms.
Due to the lack of the energy necessary to arrange the atoms in ordered manner, obtained
microstructure is characterized by porous columnar grain growth and a number of defects.
Attractive force strength, which is responsible for tensile stress, among grains or atoms is
inversely proportional to the intergranular or interatomic spacing. Thus, with decreasing the
target voltage, the films developed a tensile stress with increasing the intergranular spacing, and
reversely, increasing the discharge voltage results in decrement of the number of open site inside
the film, and thereby reduces the tensile stress. The round columnar grains observed for the
tensile stress films imply the presence of micro-voids inside the material. The inner surface of
the voids has the high surface tension which tries to shrink the film. Hence, less tensile stressed
film is obtained by increasing the discharge power.
Figure 5-19 shows the residual stress of Mo films deposited at 200 W as a function of
working gas pressure. If film is deposited at higher pressures, it can be expected that collisions
with background Ar gas atom reduce the kinetic energy of sputtered Mo atoms and reflected
neutral Ar gas atoms, resulting in more porous and less densely packed Mo film with significant
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tensile stress state. The discussion is true below the gas pressure of 0.3 mTorr; however, further
increase of gas pressure results in attenuation of the tensile stress down to zero.

Figure 5-18: Residual stress variation of Mo thin film as a function of discharge voltage at 0.1 mTorr

This tensile stress reduction can be explained by the model proposed by Müller [110]
who simulated the micro structures of thin films with two-dimensional (2D) molecular dynamics.
Residual tensile stress is related to the defect and void size distribution; however, the
intergranular attractive force works effectively only when the void size is smaller than a certain
critical size. Itoh et al. reported quantitatively the tensile stress reduction at higher pressure by
inter atomic force depicted in Figure 5-20 in the case of body centered cubic structure [111].
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The mechanism is explained as follows. The increment of working gas pressure imposes
the sputtered Mo atom more chance to be scattered by the gas atoms. Sputtered Mo atoms are
losing their kinetic energy on the way to the substrate. Less energetic incident Mo adatoms tend
to develop less ordered and loosely packed grains with porous microstructure. Backscattered Ar
atoms become less energetic in the same manner as Mo atom, and cannot contribute to the
formation of the dense microstructure. In addition, the angle at which adatoms incident to the
substrate becomes more oblique, which causes self-shadowing effect and nourish porous
microstructure. Hence, resulting Mo films become less tensile due to the excessively porous
microstructure.

Figure 5-19: Residual stress variation of Mo thin films deposited at 200 W as a function of working gas
pressure
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Figure 5-20: Interatomic potential and force of tungsten [111]

Mean free path of sputtered Mo atoms with Ar background gas shown in Figure 5-21
endorses the stress state change at higher gas pressure [112]. From molecular dynamics theory,
the mean free path, 𝜆 of sputtered atom with mass 𝑀s is given by [113]
1
𝑝
=𝜋
𝑟 + 𝑟g
𝜆
𝑘𝑇 s

2

1+

𝑀s
𝑀g

·········· (5. 5)

where 𝑝 and 𝑀g are the partial pressure and mass of the background gas, 𝑟s and 𝑟g are the radii of
sputtered atom and background gas atom, respectively. According to Figure 5-21, mean free path
dramatically reduces from 166 mm at 0.3 mTorr to 50 mm at 1.0 mTorr. A sputtered Mo atom at
0.1 mTorr has almost no chance to reduce its kinetic energy by collision and is directly incident
to the substrate, whereas a sputtered atom at 1.0 mTorr has a higher probability of collision with
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background gas atom. It is estimated that Mo atoms collide with Ar background gas atom
roughly twice by the time it reaches the substrate. This significant difference in mean free path
between the two pressure conditions makes the stress state change. In addition, at 0.1 mTorr,
sputtered atoms incident to the substrate almost normally, whereas at 1.0 mTorr, most of the
atoms are scattered and incident to the substrate at oblique angle. Incidence at oblique angle can
cause self-shadowing during the film growth [92], resulting in extremely porous microstructure
which is responsible for the loss of intergranular attractive force, thereby tensile stress state.

Figure 5-21: Variation of mean free path of sputtered Mo atom as a function of working gas pressure

When the intergranular spacing decreases so that grains begin to push one another,
compressive forces associated with repulsive force begin to exceed the above mentioned
attractive force. It has been reported that compressive forces stem from the incorporation of
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oxygen, hydrogen and water vapor for a variety of metallic and dielectric thin films [24], [114],
[115]. However, compressive stress state was not obtained with the system employed in this
investigation.

5.7

Kinetic Energy of Incident Atoms

From the above mentioned discussions, it can be deduced that the kinetic energy of
incident atoms determines the microstructure. Atoms collide with background gas atoms during
the transport to the substrate with losing the kinetic energy. Kinetic energy of the incident atom
is given by [104]

𝐸in = 𝐸out exp −

𝜎𝑝𝑙
𝑘𝑇

·········· (5. 6)

where 𝐸in is the kinetic energy of the incident atom, 𝐸out is the initial kinetic energy of the atom,
𝑙 is the distance between the substrate and the target, and 𝜎 is the cross section for momentum
transfer collision with background gas atom. According to equation (5.6), the kinetic energy of
incident atom is proportional to exp −𝑐𝑝 if other terms are fixed, where 𝑐 is a constant.
Thereby,
𝐸in = 𝑉exp −𝑐𝑝

·········· (5. 7)

where target voltage,𝑉 is assumed to equal to 𝐸out . Thus, the kinetic energy of incident atoms
can be represented by this pseudo-kinetic energy, 𝐸in .
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5.7.1 Influence of Kinetic Energy on Residual Stress
Figure 5-22 shows the re-plotted all residual stress data against pseudo-kinetic energy. It
can be considered that intergranular spacing is determined by kinetic energy of incident atoms.
In other words, stress state of the deposited Mo film has a strong correlation with kinetic
energies of incident atoms.
As expected, the data shows the strong correlation between kinetic energy of incident
atom and residual stress. The reduction of tensile stress at higher energy region is much steeper
than lower energy region. It is noted that further increase of kinetic energy via reducing the gas
pressure or increasing the target voltage may result in compressive stress which may peel off a
Mo thin film from the glass substrate. Therefore, pseudo kinetic energy should be less than 300.

Figure 5-22: Residual stress variation of Mo thin film as a function of pseudo-kinetic energy of incident atoms
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5.7.2 Influence of Kinetic Energy on Surface Morphology
Figures 5-23 shows the average roughness as a function of pseudo-kinetic energy. The
roughening at the higher energy region is considered to be due to the coarsening originated from
the atomic peening effect. However, the region where target voltage is higher than 300 V shows
swings. On the other hand, the roughening at lower energy region below 50 is deduced to stem
from poor microstructural characteristics such as micro voids and micro cracks. Thus, pseudokinetic energy should be more than 50, and target voltage should be less than 300 V to achieve a
controllable surface morphology.

Figure 5-23: Average roughness variation of Mo thin film as a function of kinetic energy of incident atoms
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5.8

Adhesion

All the films deposited in this investigation passed the Scotch-tape test. It has been
reported that Mo films in compressive stress adhere poorly to the glass substrate, and those in
tensile stress have a good adhesion. Since the films obtained in this investigation are all in tensile
stress state, they are considered to exhibit a good adherence to the glass substrate.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Variety of properties of Mo thin films prepared by DC magnetron sputtering under different
process parameters has been investigated. The results showed following influences of working
gas pressure and discharge power on properties of Mo thin film.

6.1

Deposition Rate

Deposition rate showed strong correlation with discharge power of the sputtering system.
Deposition rate of 3.3 Å/s was obtained at 200 W, and the deposition rate increased up to 5.6 Å/s
by increasing the power up to 300 W. Increase of the power originates from increase of both
plasma current and discharge voltage. High plasma current is attributed to high discharge rate,
namely high number of Ar ion, and effective sputtering of Mo atom is achieved by energetic Ar
ion due to high discharge voltage. Hence, deposition rate increases with increasing discharge
power.
Deposition rate does not increase with increasing the working gas pressure despite the
plasma current increases. The number of sputtered Mo atom increases with increasing the gas
pressure; however, the high scattering rate invoked by the high gas pressure diminish the number
of Mo atoms arriving at the substrate. Hence, the effect of increase of gas pressure on deposition
rate is compensated.
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6.2

Residual Stress

Residual stress state was found to be strongly dependent on the kinetic energy of incident
Mo atoms and backscattered Ar atoms to the substrate. At lower gas pressure and higher
discharge voltage, incident atoms are more energetic and incident to the substrate normally
because of their longer mean free path and higher flying speed. These energetic incident atoms
cause the atomic peening effect, resulting in densely packed microstructure. Hence, less tensile
or compressive films are obtained.
By increasing the gas pressure or decreasing the voltage, incident atoms become less
energetic and atomic peening diminishes. As a result, intergranular and interatomic spacing
increase to develop tensile stress which is exerted by attractive force among the grains and atoms.
Further increment of pressure or decrement of voltage makes the film more porous. When
the spacing excesses certain value so that the attractive force does not reach, eventually, the film
exhibits no stress. Especially at higher pressures, since atoms have higher probability to be
scattered by back ground gas, the incident angle tends to become oblique. The oblique incidence
poses self-shadowing which enhances porous film growth more.

6.3

Resistivity

Resistivity was found to depend on working gas pressure. Low resistivity ranging from 11.9
to 14.4 μΩ∙cm was obtained at 0.1 mTorr within 200 and 300 W. The lowest value of 11.9
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μΩ∙cm was obtained under 250 W and 0.1 mTorr. Since atoms are densely packed and grains are
large and less defective due to the atomic peening effect below the pressure of 0.3 mTorr, films
tend to be less resistive. Results also indicated the existence of incorporated Ar inside the Mo
thin film under higher discharge power condition.

6.4

Morphology

Coarser grains tend to grow at lower gas pressure and higher sputtering voltage conditions,
which make the film surface rougher. Whereas round columnar grains with porous
microstructure are observed at higher pressure and lower voltage conditions.

6.5

Suggested Future Work

To achieve a highly conductive Mo thin film, lowering the gas pressure less than about 0.3
mTorr is the essential condition according to the results. On the other hand, the kinetic energy of
incident atoms to the substrate also has to be controlled for appropriate surface morphology by
setting the pseudo-kinetic energy more than 50 and target voltage less than 300 V. Compressive
stress is absolutely not good for a good adhesion, therefore, pseudo-kinetic energy has to be less
than 300 to avoid peeling off. Given these restrictions, Table 6-1 shows the potential process
parameters that achieve highly conductive, well adhesive, and appropriate-surfaced Mo thin film
back contact layer for CIGS solar cells.
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For future work, it is recommended to fabricate CIGS solar cells on the Mo back contact
thin film layers deposited with the conditions picked up from Table 6-1 to examine the influence
of surface morphology and microstructure on grain growth of CIGS absorber and solar cell
performance, and stability of adhesive strength throughout the fabrication process.

Table 6-1: Suggested sputtering deposition conditions that achieve qualified Mo thin film single layer for
CIGS solar cells
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